So far, only five microsatellite markers have been developed in common buckwheat (Fagopyrum esculentum). The purpose of the present study was to develop a larger number of microsatellite markers in common buckwheat. By sequencing 2785 clones from the libraries, which were enriched for (CT) n and (GT) n repeats using magnetic particles, it was shown that 1483 clones contained microsatellites, of which 352 had unique sequences. Primer pairs were designed for 237 of the microsatellite loci, of which 180 primer pairs each amplified PCR products. Fifty-four primer pairs that each amplified a clear PCR product of the expected size were evaluated for their ability to detect variations in common buckwheat populations and to be utilized in seven related Fagopyrum species. Forty-eight (88.9%) out of the 54 microsatellite markers tested were found to be highly variable (the average number of alleles was 12.2 and the average polymorphism information content (PIC) was 0.79) in a population of cultivated buckwheat. This PIC value was comparatively large when compared with the average values for microsatellite markers reported for other crops. A high rate of successful amplification of common buckwheat microsatellite markers was observed in closely related species; in particular all the 54 loci were successfully amplified in the wild ancestor of cultivated common buckwheat. The microsatellite markers developed in the present study should contribute to the promotion of molecular breeding in common buckwheat.
Introduction
The genus Fagopyrum consists of two major phylogenetic groups, the cymosum group and the urophyllum group. The cymosum group, characterized by large seeds, contains all the useful Fagopyrum species, including the two cultivated species, common buckwheat (F. esculentum Moench) and Tartary buckwheat (F. tataricum Gaert.) (Ohnishi and Matsuoka 1996, Yasui and Ohnishi 1998) . As for the other members of the cymosum group, F. homotropicum Ohnishi, a self-compatible wild species, has been successfully crossed with common buckwheat (Campbell 1995 , Wang et al. 2002 , and is now considered to be an important genetic resource for the improvement of cultivated common buckwheat. Fagopyrum cymosum Meisn., another wild species, has been utilized as a medicinal plant in China and Southeast Asia (Anderson 1986) .
The origin of cultivated common buckwheat has been studied by the analysis of the diffusion routes of cultivated common buckwheat using RAPD markers (Murai and Ohnishi 1996) , by the determination of the allozyme diversity of the cultivated populations (Ohnishi 1998) and by the analysis of the genetic relationships between cultivated populations and natural populations of wild common buckwheat using AFLP markers (Konishi et al. 2005) . During the course of these studies, several issues that were difficult to solve by the use of allozymes as well as of RAPD and AFLP markers, were identified, for example, the determination of the center of genetic diversity, detailed genetic relationships among cultivated populations, and gene flow between cultivated populations and natural populations of wild common buckwheat. If more powerful (more polymorphic) markers became available, it would be possible to address these issues, so that studies on the origin of cultivated common buckwheat could progress more rapidly.
A microsatellite, also called a simple sequence repeat (SSR) which is a sequence consisting of tandem repeats of a short nucleotide motif, is abundantly distributed throughout eukaryotic genomes (Litt and Luty 1989, Weber and May 1989) . Microsatellite markers are a powerful tool for the analysis of wide genetic variations within or among populations because of their co-dominance, multiallelism and high variability (Litt and Luty 1989, Tautz 1989) . In many crops, they have been developed and used for the study of genetic diversity and population structure, for example in durum wheat (Thuillet et al. 2005) , maize (Vigouroux et al. 2005) and rice (Garris et al. 2005) . Iwata et al. (2001) who developed microsatellite markers for common buckwheat, observed a significant genetic differentiation among Japanese common buckwheat cultivars (Iwata et al. 2005) . However, only five microsatellite markers were developed by Iwata et al. (2001) . In the present study, we developed a large number of microsatellite markers for common buckwheat and evaluated their variation within a common buckwheat population. Since the development of microsatellite markers is expensive and timeconsuming, the utility of the markers would be increased if the microsatellite markers developed for common buckwheat could be used for related species. Therefore, we also determined whether the microsatellite markers developed for common buckwheat could be used for other Fagopyrum species of the cymosum group.
Materials and Methods

Plant materials and DNA extraction
An individual of F. esculentum ssp. esculentum from the Boke population (accession number, C9701) in Sichuan province, China was the source of the DNA used to construct a microsatellite-enriched library. An artificial population of common buckwheat consisting of 34 individuals, one individual each from 34 worldwide accessions (19 Chinese landraces and 15 landraces from 15 countries) was used to analyze the microsatellite variation.
To determine whether the microsatellite markers which were developed for cultivated common buckwheat could be utilized in related Fagopyrum species, one individual was used for each of the following seven taxa; F. esculentum ssp. ancestrale (C2009), diploid and tetraploid F. homotropicum (C9740, C9737), F. tataricum ssp. tataricum (C9722), F. tataricum ssp. potanini (C9022), diploid and tetraploid F. cymosum (C8924, B9103). F. esculentum ssp. ancestrale and F. tataricum ssp. potanini are the wild ancestors of cultivated common and Tartary buckwheat, respectively (Ohnishi 1998) .
The total DNA of each individual plant was extracted from fresh leaf tissue using Plant DNAzol ® Reagent (Invitrogen Corp., Carlsbad, CA, USA).
Isolation of microsatellites and primer design
A library enriched for (GT) n dinucleotide was constructed according to the method of Tani et al. (2004) using magnetic particles. The hybridizing probe used for enrichment consisted of the 5′-biotinylated (GT) 15 oligonucleotide. Cloned DNAs from the library were sequenced using an ABI PRISM 3100 Genetic Analyzer with a BigDye Terminator ver. 3 (PE Applied Biosystems, Foster City, CA, USA). In addition, many cloned DNAs from the (CT) nenriched library constructed by Iwata et al. (2001) , of which sequences had not been elucidated, were also sequenced, and used in this study. Microsatellites, according to Weber (1990) , were identified by checking nucleotide sequence data. Duplicated sequences among clones were detected by homology search of the clones in the libraries. If homologous sequences were found, only one unique sequence was kept for primer design. For each unique sequence, primer pairs were designed using the computer software OLIGO (National Biosciences. Inc., Plymouth, MN, USA) and Primer3 listed at http://waldo.wi.mit.edu/egi-bin/primer/ primer3 (Whitehead Institute for Biomedical Research).
PCR amplification and detection of PCR products
After optimization of the PCR conditions, PCR amplification was performed in a 15 µl reaction solution containing 0.2 µM of each primer, 200 µM of each dNTP, 10 mM of Tris-HCl (pH 8.3), 50 mM of KCl, 1.5 mM of MgCl 2 , 0.5 U of Taq DNA polymerase (New England Biolabs, Beverly, MA, USA), and 15 ng of template DNA using an I-Cycler (BIO-RAD, Hercules, CA, USA) under the following conditions: 2 min at 94°C, 30 cycles of 30 sec at 94°C, 30 sec at 46-69°C and 60 sec at 72°C, followed by 3 min at 72°C. The annealing temperature used for each primer pair is listed in Appendix 1. Microsatellite alleles were identified by running the PCR products on a denaturing 5% (w/v) ureapolyacrylamide (19 : 1 acrylamide:Bis, 8 M urea) gel in a TBE buffer at 100 W for 2 hours and visualized by a silverstaining method using SILVER SEQUENCE TM DNA Staining Reagents (Promega Corp., Madison, WI, USA).
Analysis of microsatellite variation
Fifty-four primer pairs that yielded an amplification product of the expected size were analyzed for their variability in the artificial population comprizing 34 individuals. For the primer pairs that detected polymorphism, the number of alleles (NA) and the polymorphism information content (PIC) were calculated as follows: PIC = 1 − Σ i p i 2 , where p i is the frequency of the i-th allele in the sample examined (Anderson et al. 1993) .
Amplification in related Fagopyrum species
The fifty-four primer pairs which were used for the analysis of microsatellite variability were also analyzed for their use in the seven Fagopyrum species or subspecies which are closely related to common buckwheat. PCR amplification was performed using the same protocol as that described above, and repeated at least twice when no amplification was observed on the first attempt. Since the required amount of DNA was not obtained to test all the primer pairs for diploid and tetraploid F. cymosum, only 30 and nine primer pairs were evaluated for diploid and tetraploid F. cymosum, respectively.
Results and Discussion
DNA sequences were determined for 1875 and 910 clones from the two libraries, enriched for (CT) n and (GT) n dinucleotides, respectively. Of the 1875 clones from the library enriched for (CT) n , 1079 (57.5%) were found to contain microsatellites. Two hundred and forty-five clones each containing a unique sequence were identified. Although the remaining 834 clones were duplicated more than once in the enriched library, they could be classified into 148 groups based on unique sequences. In total, 393 unique sequences were thus obtained. For the library enriched by (GT) n , 404 (44.4%) of the 910 clones were found to contain microsatellites. One hundred and six clones contained unique sequences, and the remaining 298 clones were classified into 59 groups based on unique sequences. Therefore, in total, 165 unique sequences were obtained.
Although 393 and 165 unique sequences were obtained from the libraries enriched for (CT) n and (GT) n , respectively, many of the sequences were duplicated between the two libraries. By removing all the unnecessary duplicated sequences, 352 unique sequences were thus obtained, of which 237 sequences could be used to design primers. Of the 237 primer pairs, 180 pairs amplified PCR products (see Appendix 1), while the remaining 57 pairs did not amplify any PCR products even at the lower annealing temperature of 46°C. Of the 180 primer pairs which amplified PCR products, 54 pairs each amplified a clear PCR product of the expected size (Fig. 1a ). We evaluated these 54 markers for their ability to detect variation in a common buckwheat pop-ulation, and for their ability to be utilized in the 7 related Fagopyrum species. The remaining 126 pairs amplified more than one fragment (Fig. 1b,c) . These pairs may amplify several sites other than the target site. The use of these 126 pairs is not convenient for detecting genetic variation because the amplified loci may not be homologous among individuals.
Among the 54 loci at which a clear PCR product with the expected size was amplified, 48 (88.9%) loci exhibited microsatellite variation in the experimental common buckwheat population. Figure 2 shows some examples of the loci displaying variation (Fes1585 and Fes3331). The number of alleles per polymorphic locus, NA, ranged from two to 30 with an average value of 12.2, while the PIC ranged from 0.42 to 0.95 with an average value of 0.79 (Table 1) . Many authors have reported that microsatellite loci with a larger number of repeats of motif showed a wider variation than microsatellite loci with a smaller number of repeats of motif for such crops as barley (Ramsay et al. 2000) , maize (Sharopova et al. 2002) and tomato (He et al. 2003) . In common buckwheat, a significant correlation was detected between the number of (GA/CT) repeats in the microsatellites and NA and PIC (correlation coefficient (r) = 0.654 (P < 0.001) and r = 0.584 (P < 0.001), respectively). Microsatellites with the other types of repeats were not investigated because the number of samples was small. The average PIC value (0.79) was comparatively large when compared with that for other crops; namely 0.37 for tomato (He et al. 2003) , 0.59 for rice (Temnykh et al. 2000) , 0.62 for maize (Smith et al. 1997 ) and 0.71 for wheat (Prasad et al. 2000) . This may be due to the fact that the artificial population consisted of 34 individuals from a world-wide collection of landraces, i.e. the population was expected to contain variation at the species level.
Of the 54 microsatellite markers which were evaluated for their ability to be utilized in the seven related Fagopyrum species, two loci (Fes1693 and Fes2459) could be amplified in all the seven taxa (Table 1) . Many authors have reported that the transferability of the microsatellite markers decreased with the increase in the genetic distance between taxa in rapeseed (Lagercrantz et al. 1993 ) and soybean (Peakall et al. 1998 ). In the Fagopyrum species, this can be observed by comparing the number of different nucleotides in rbcL gene sequences (Yasui and Ohnishi 1998) and the percentage of successful amplification ( Table 2 ). The percentage of successful amplification in F. esculentum ssp. ancestrale, which showed exactly the same rbcL sequence as common buckwheat, was 100%. In a more distantly related species, diploid and tetraploid forms of F. cymosum were different from F. esculentum ssp. esculentum at seven nucleotides. The percentage of successful amplification was 36.7% and 33.3% in diploid and tetraploid forms of F. cymosum, respectively. The rate of transferability in tetraploids was slightly lower than that in diploid counterparts, namely 79.6% vs. 68.5% in F. homotropicum and 36.7% vs. 33.3% in F. cymosum (Table 2) , which was consistent with previous reports indicating that the percentage of primer : amplified, : not amplified and -: not tested pairs that successfully amplified microsatellite loci was lower in the polyploid species than in their diploid counterparts in tetraploid alfalfa (Diwan et al. 1997 ) and hexaploid wheat (Roder et al. 1995) . The low efficiency of PCR amplification in the tetraploids may be due to the complexity of the polyploid genome (Roder et al. 1995) .
In conclusion, it was clearly shown that the 54 microsatellite markers displayed a high variability in common buckwheat and high transferability for use in closely related Fagopyrum species. We have recently detected and analyzed microsatellite variations in common buckwheat and its wild ancestor populations, and showed that gene flow between cultivated and wild populations was not important for determining the phylogenetic relationships between them (Konishi and Ohnishi, unpublished data) . Furthermore, we have recently constructed a linkage map based on the 180 microsatellite markers developed in the present study (54 markers listed above together with the 126 markers that amplified more than one fragment). This may contribute to the promotion of molecular breeding in common buckwheat. The results related to the construction of a linkage map of microsatellite markers will be published elsewhere. 
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